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ABSTRACT 

The use of a solid-state dye laser for commerual applications has been limited largely by the poor photostability of the gain 
medium. Techniques are examined to impruve the photostability of Coumarrn and Pyrromethene-BFZ 567 (PM-567) laser 
dyes within xerogel and Polycaam hosts synthesized by sol-gel processing. The photochemical mechanisms by which laser 
dyes&gradearediscussed anddetc A spe&caIly for PM-567. PM-567 was determined to degrade both by photo- 
oxidation and acid degraaation. Techniques for improving phdostability are described fiom a molecular engineering 
perspeceive. These techniques include: d e d y  attachiug the laser dye to the host; controlling the chemical ewirOnment 
of the dyq i n d g  dye caging by increasing the Si% content removing porosity fiom the host; and incoprating 
additives such as hindered amine light stabilizers to minimi7r? photodegxadation 

1. INTRODUCTION 
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Dyes have been incorporated within a variety of solid-state hosts such as polymers, porous glasses, low tempemtuxz 
giasses, and sol-gel derived glasses i n w h i c h l o w p r o c e s s i n g t c m ~  areusedto preventthermal aegraaaton ofthe 

.-in 
photostability canbe a c h i d b y  opoimizingthc laser systemdesign, by synthespn gamorephotostabltlaserdye,andby 
controlling dyehost interactions in the gain medium. utilizing the last methe dyehost inmactl 'OISarewrarmned for 

ceramicmatenals - in which the organic and inorganic compo- are combined on a near-xnoledar scale). PoryceramS are 
attrachve * hosts because they provide optically transparent, polishable monoliths, and because the physicat proputies of the 

dye. Poor photoshbility ofthe dye within the host has been the major limitation of these materials - 

Coumarin and PM-567 dyes within &l-gd derived xcrogels (air dried pornus gels) and Polycemms @olymer-mod.ifiui 

host and dyehost inmactl 'om canbe controlled thKnlghvariations in pl.oc&Ilg and c o ~ t i o n .  

In this study7 we will consider the mechanisms by which lasing dyes de@, speci6ically for PM-567. Then a 
series of molecular engineering techniques, involving control of dyemost interactions which lead to impmved photostabdity 
of the dyelhost system, are discussed. These techniques canbe used for the design and synthesis of dyemost laser materials 
requiring high photostability as well as other ayemost materials in which high photostabiilities are desired such as those 
containing photochromic dyes, nonlinear optic dyes, coloring d y q  and chemical sensing dyes. 

2,EXPERIMENTAL 

Material Synthesis. Si& xemgel and Si&:Polydimethylsiloxane (PDMS) Polyceram hosts were doped with 
Coumarin and mrnethene dye using the sol-gel process. Details of the dye synthesis and sol-gel pl.oc&Ilg are descrii  
elsewhere'* *. As an example, one of the synthdic routes used to synthesize PM-567 doped SiWPDMS Polycerams is shown 
schematically in Figure 1. The resulting Polycerams wtre optically transparent and polishable. 

Figure 1: Synthetic Route for a PM-567 Si&:PDMS Polycemm. 
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Figure 2: Schematic of the photostability measurement setup. 

3. MECHANISM OF DEGRADATION 

To improve the photostability of a particular dyehost system, one must W understand the mechanism(s) 
by which the dye degrades. An organic dye in its excited state can return to ground state by a number of pathways as s h m  
in Figure 3. A number of these pathways are photochemical in nature such as dissociation, substitution, oxidation, hydrogen 
abstraction, and addition These photochemical processes result in permanent destruction of the dye molecule. 
Hence in order to improve photosbbility, one must prevent or hinder these photochemical processes. 

Review of the literahue reveals that many laser dyes degrade by oxidation. This mechanism of decay was tested for 
the PM-567 in Polyceram monoliths. Three identical PM-567 Si4:PDMS Polycerams (dye concentration = 5*10-5 M, 
sample thickness = 0.15 cm) were placed in sealed fused silica cuvettes, and an over pressure of compressed airy oxygen, or 
argon was passed through the cuvettes while the samples were exposed to W light e300 nm). The absorption 
photostability is shown in Figure 4. The presence of oxygen caused a dramatic decrease in the photostability. In an oxygen 
atmosphere >90% of the dye degraded after 74 hours; while in an argon atmosphere, only 16 % of the dye degraded in the 
same period. In air, the rate of photodegradation was similar to that in an oxygen almosphexc. These results suggest that 
oxygen plays a role in the degradation of the dye. 
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Figure 3: Decay pathways for an excited dye molecule. 
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Figure 4: Absorption photostability of PM-567 doped SiOgPDMs Polycerams in Merent atmospheres. 

The -on products of PM-567 were then determined by chemical analysk to confirm that oxidative procfucts 
were formed. Performing chemical anatysis of p 'on products is often difficult because the dye is dissolved in 
hosts at fairly low concentrations of to lo-' W- very small yields of degmdation products. To maximhe the 
yield of degradation product, a custom quartz sealed cell was designed and constructed, offering a short path length (0.3 
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cm), alarge surface area (10 cmx 10 cm)for Wlamp excitation, anda datively large samplevohmc (30 ml oompared to 
a conventional quartz cell with 3 ml). PM-567 was dissolved in ethanol (EtOH) at a amcmtmt 'on 0f4*10-~ M, and a high 
intensity W Lamp (365 nm, 7000 pWkm2) was d to degrade the PM-567EtOH solution for 48 hams. Befon 
degraaatios the solution was opaqne red in white light; aftex -on, the solution was tmupentyellm. The product 
was isolated by evaporating the solvent. Using I3c NMR spectroscopy, a single major product was &eammd, - 3-1-2- 
e l m a l W &  (-8.4 p ~ m ,  -12.6 p~m, -17.0 p ~ m ,  -137.6 p ~ m ,  -143.3 p ~ m ,  -171.96 p ~ m ,  -172.3 p~m). The presen~e O f  
the G O  groups in this pmduct (Fignre 5 (a)) confirms that the degradation occurs by oxidation. Alkyl pies (F@uxe 5 
(c)) are known to oxidize to form maltimide ~~mpounds~~~~- €€eace it is propo~ed that an alky1pyrrole is an in- 
product in the degraaation of the dye The dega@ion products were found to vary in composition upon change in acid or 
basic environment, but always contained 0 substituents verifying that the dye still degraded by oxidation. 

Figure 5: Proposed degradation mute for (a) PM-567 by oxidation to (d) 3-ethyl-2-methylmaleimide. 

The PM-567 dye was also found to degrade by chemical -. The chemical stability of PM-567 in the Polyceram 
solutions depnded strongly on the caalys(s) used to promote the sol-gel lrydrolysis and condensation reactions Reactions carried 
out with a highly acidic catdyst (e.%, Hc1, H2S04) malied in complete bleaching (or degradation) of the dye molecules during sol- 
gel syntksk. Weaker acids used as cataly& (eg., p-tohxnedfonic acid, "a), also resulted in significant dye degraaatios 
inciiatedby alarge drop in dye absoIptivly and ablue shat in the specbum of the dye. Such processing amditions resulted in little 
or no visiile fluorescence from the sohxtkms upon W lamp excitation (?able 1). 

Table 1: Effect of catalyst on optical properties of the Polyamm solutions. 

TO e n s ~ r e t b  stability OfthePM dye and to mahtah the high Optical suality ofthe sol-@ hosf lrydro&& w a ~  first 
canid out under acidic conditions --2.2), and a base (e.g., pyridine, triethyhmhe) was added to - partiauythe solution 
(final pH=5-6) befin the addition of PM-567. This procedure allowed for safe incorporation ofPM-567 within the Po- host 
The effect of different caialy& used during the chemical syntllesis of the Polyceram sohiions on the abmption properties are 
summarized in Table 1. Dye degraaaton is reduced orpnxentedbyneumkm 'onofthesolution. 
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Since 4 plays a strong role in the degradation ofthe dye, it is useful to discuss the implications ofttreprestmx of 
02 inso~andso l idhos t s .  Them- -on and diffusivity of@ in difkcnt hosts is summanzed in Table 2. 1 

Comparing the 02 concentration in air to that in SOlventandPDMS, it is clear that a large amount of& is present in the 
h o s t I n ~ t h e d y e c Q ~  ‘on 0;fPM-567 in a PDMS host is 6*10” mi3 (5*1U5 M), while the concatra6 ‘on of@ in 
PDMS is 4.7*10” mi3. The conccmat~ ‘on of 02 excccds the dye concenmh ‘on by a factor of 8. Clearly, at low dye 
concentrations there is more than enough @ alreadypresentinthe host to oxidize all the dye. 

Host 

Air (or pores in solid host) 
solvent 
PDMS 

Si& glass 

W b W y  or Diffasivity of 02 
concentration of 02 

6*1018 lo-‘ cm2/sec 
1.2*10’~ m3 (2*10-~ w16 =104-105 cm2/sec 

- 2110-18 cm2/secM 
lo-= m*/sec*’ 

4.7*10” cm-3 l7 1.7*10-5 cm2/sec 

The diffusivity of G decreases by orders of magnitude from air to solvent to PDMS (Table 4.3). However, the 
di&lsivity of 02 in PDMS compared to that in most d i d  porymerS is very high, 1.7*105 cm2/sec. Most glassy polymers 
have 02 diffusion axfiicients around 10~-10-~ cm2/sec, while crystalline polymers ha~e values of 10-~-10-~O cm2/sec’“ ”. III 
fused silicaglass, the diffusionof 4 is dose to zero at room tempemwe. Hence a dye molecule surroundedby a silica cage 
shouldbe pmtected6rom 4. No data couldbe found for the -on of 4 through a Si02 mgel; but it is presnmed that 
the 02 diffusion is governed by the amount of porosity present since 02 diffusion through the pores is rapid. 

Within a Si02PDMS Polyceram, the diffusion of 4 will depend on many factors including the polymer content 
and the porosity of the host At low polymer contents, the Si02 matrix is continuous, and the 92 diffuson will depend on 
the porosity of the sample. when interco~ezted porosity is present, the diffusion of 4 through the bulk materiat should 
approach that in air (lo-’ cm2/sec), while with no intemnnaed porosity or regions of polymer, the diffusion of 02 should 
be very low. At high polymer contents, the PDMS is mntinuous, and the diffusivity should be close to that of 9 in PDMS. 
The Polyceram monoliths typically had a thicrcness of 0.4 cm. Using the difkivity of 02 in PDMS, the time requid for 02 
to diffuse half way into the sample (0.2 cm) is about 40 min. Hence synthesizing the Polycerams under owgen-fiee 
conditions would be only if the material were used in oxygen-fie environments or were provided with a Q&arrier 
coating. 

. 

4. MOLECULAR ENGINEERING 

4.1 Covalently attadthg Laser Dye to Host 
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Figure 6 Proposed Stnrcture ofa (a) cowentional Coumarin 4 laser dye (b) analentybound Coumarin dyewithin a Si& 
XerOgeL 

4.2 Porosity and host composition 

The porosity and host composition were found to sect greatly the photostability of PM-567 within Polyceram 
hosts. Through Variations of procasing conditioIls (water content, reflux times, drying conditions) and composition (PDMS 
content), it was possile to control the porosity. Details of the pmcessing are desc r i i  elsewhe=*. The 20% PDMS 
Polyceram (a Polyceram whose composition is 20 volume % PDMS and 80 vol % Si@) had a surface area of 740 m 2 / p  
(pore volume=63%); the 40% PDMS Polyceram had a surface area of 500 m2/gm @ore volume37%); the 60% PDMS 
Polyceram was essentially nonporous. The abmption photostability of these samples reveals that as the polymer content 
increases, the photostability improves Figure 7a). The improvement in the photostability is attributed to the reduction in 
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pore volume The dye molecules which are,located within the pores are more susceptible to dye -on, since 4 has 
easier access to the dye molecules inthe pores than to dyes located in polymer or silica cages. Also, dyes located within the 
pores have more rotational, vibrational, and tradational modes of excitation, and are tbenfore more suscqtiile to 
degradationandquenching. 

degrade hrsf and dye molecules located in SiO, cages take much longer to degrade. 

-P- ofasampledepends not only onthe laser dye andthe host oompositianand sbru~brre, but also on 
factors such as the dye co- ‘on, plmp wavdength, pulse pump fluence3’, sample t h i W ,  and m. With 
alltbeseparameters,itiSdif&Ultto~~photostabrlrty - -  m e a s u r e m e n t s ~ b y ~ r e s e a r c h g r o u p s ~ g r o u p s  

the acarmulatedpumpenergyabsomedbythesystempermoleofdye~ have used aparameter in G J M e  repemmg 
before the output pulse energy drops to halfits initial&? Forthe pump conditions explored bere, the normalized- .. 

Figure 7: (a) Absorption photostability as function of PDMS content for PM-567 Polycerams synthesized by a route in 
which the porosity was a function of the PDMS content @) Absorption photostability as function of PDMS content for PM- 

567 Polycerams syntbmd by a route in which all compositions were nonporous- 

2 

By using another proassing route (utihing lower water content, shorter reflux times, and faster drying), it was 
possible to obtain nonporous samples for all PDMS contents. The absorption photostability of the nonporous P0lycaam.s is 
shown in Figure 7b. The photostability improved with increasing silica content (reduction in PDMS content). Since all 
these samples were nonporous, it seems that a silica caging environment is required to improve M e r  the photostability. 
The Si&-rich regions increase with decreasing PDMS content of the Polpxams. 
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Figure 8: Effect of sample porosity on the fluoresamce photostability of PM-567 in Si4TDMS Polycerams containing 
40% PDMS. 

4.3 Additives to improve photostabii 

Additives to the host composition can be used to prevent photo-oxidation of the dye and to provide a more stable 
chemical (acidhase) environment, resultinginimpmedphotdchemid stability. Antioxidants axemolecular speciswhich 
interfere with the oxidation process by a variety of mechanisms. There are many types of antioxidants, and choosing the 
proper antioxidant depends on the host composition, the application, the solubility of the antioxidant in the host, the 
volatility of the antioxidant, and the mechanism of oxidation. Most antioxidants are used in the food industry and for 
polymer stabilization. In this study, antioxidants are used for dye stabilization Antioxidam can be divided into five major 
classe~, listed WOW with their effect on dye stabiliV3: 

1) Absorber: A molecule which preferentially absorbs photons which would normally be absorbed by the dye. 
2) Deactivator: A molecule or metal complex which quenches the dye in its excited state. 
3) Interceptor: A molecule which slows oxidation by preferentiauy reacting with 02 or by quenching excited 

4) Free radical scavenger (Primary antioxidant): A molecule which preferentially reacts with fkee radicals 

5) Decomposer (Secondary antioxidant): A molecule which reacts with hydroperoxides to prevent the 

For laser dyes, absorbers and deactivators are not good choices since they will affect the ability of the dye to fluoresce. 
Hence interceptors and fiee radical scayengezs are utjked in the present study. 

state 02 (singlet 02). 

such as alkyl radicals (R? and peroxy radicals @a?. 
formation of h radicals which accelerate dye degradation. 

Three additives were chosen. The first two are h radical scavengers, Tinuvin 770 and 2,2,6,6- 
tetramethylpipendine ("MP), which are also known as hindered amine light stabilizers (KALS). The hindered amine 
groups (?"€I) in these antioxidants arc oxidized to form nitroxyl radicals (?NO') which preferentially react with h 
radicals of the dye molecules~. This prevents the dye radicals from initiating further reactions. The third additjye, 1,4- 
diazobicyclo[2.2.2]octane (DABCO), is a known singlet 9 quencher and has been used in the past for impraing the 
photostability of laser dye?* %. DABCO is an hterceptor, which works by quenching singlet 02 thus preventing excited- 
state OZ from reacting with the dye molecules. The struchue and properties of the additives discussed above are shown in 
Table 3. 



auuJuvc Stractare 
(Tinwin 770) 

tetramethyl-4- 
NH bis(2,2,6,6- HALS 

@ABCO) 

diamine quencher 

1,4d.iaz&icyc1o[2.2.2] Singlet 
octane or triethylene oxygen 

I I I 

mw= molecular weight., mp= melting point, $= flash point 

7 
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properties 
mw 481 
mp83C 

mw 141.26 
bp 152C 
fp 24C 

mw 112.18 
mp 159C 

pKa 8.8 
f p  94c 

The absorption photostability of PM-567 in EtOH at 10” M plus 1 wt % of each additive are shown in Figure 9. 
All the additives showed improved photostability with respect to the corn01 (PM-567 in EtOH with no additive); the largest 
improvement was observed with the Tinuvin 770 additive. Since all the additives here are bases, the improvement in 
photostability could be attributed solely to the basic characteristic of the additive. However, this is not likely since the 
addition of DABCO, a strong base (pKa=8.8), resulted in a lower photostability than the addition of Tinwin 770, a weaker 
secondary amine base @Ka=10.8-11.0). The results of this study suggest that antioxidant additives can be d i  in 
improving the photostability of dye/host systems. Work is currently in progress in our group to incorporate these additives 
within dye doped Polyceram hosts. 
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I Figure 9: Absorption photostability of PM-567 in EtOH at lo-’ M with various additives at 1 wt Ya 
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CONCLUSIONS 

Molecular engineaing techniques to control the dydhcst interactions have been proven to be & i  for 
tooccur 

irradiation was carried out inan oxygen-Ikc atmosphuq when the dye was covalentlyboundto the whenporositywas 
removed from host; when the dye was highly caged within tbe S i 4  environment; when the @was placed a chemically 
c o ~ ~ ~ l e e w i r o n m e n t ; a n d w ~ c e r t a i n ~ ~ w e r e a d d e d t o t h e h o s t s . T h e s e m o l e c u l a r e n g i n e e r i n g ~ ~ m n  
beusedfordesi~andsynthesizinghighlyphotostabedycmoscsystems. 

impraving the photostability of laser dyes within sol-gel derived hosts, The degradation of PM-567 was demmmed - 
by photo-oxidation and by acid cmhmma& Impmvtd paatostability was observtd unde? the following conditions: when 
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